Human walking requires sophisticated coordination of muscles, tendons, and ligaments working together to provide a constantly changing combination of force, stiffness and damping. In particular, the human knee joint acts as a variable damper, dissipating greater amounts of energy when the knee undergoes large rotational displacements during walking, running or hopping. Typically, this damping results from the dissipation, or loss, of metabolic energy. It has been proven to be possible however; to collect this otherwise wasted energy through the use of electromechanical transducers of several different types which convert mechanical energy to electrical energy. When properly controlled, this type of device not only provides desirable structural damping effects, but the energy generated can be stored for use in a wide range of applications.
INTRODUCTION
The collection of stray energy from ambient sources can be performed using many techniques. One device which shows promise, not only for its high energy density, but also for its flexibility and potentially low cost is the dielectric elastomer generator [1] . Dielectric elastomers (DE) are hyperelastic materials with high electrical permittivity. When compliant electrodes are placed on either side of a dielectric elastomer film, a specialized capacitor is created which operates based on electrostatic (or Maxwell stress) effects. In certain configurations, DE can easily undergo strains that are much greater than 100%. While this type of motion is typically nonlinear and can be difficult to model, it provides muscle-like performance that cannot be realized with more traditional devices. Because of this, numerous studies over the past ten years have demonstrated that DE holds promise for mimicking human muscles [2] [3] [4] [5] [6] [7] [8] .
A recent review on the challenges and opportunities for upper limb prosthetics applications is found in [9] . Although there are still many hurdles to be overcome, the potential for this type of material to be used as an actuator in biomedical applications, and specifically prosthetics is very promising.
Not only can DE devices be operated as actuators, but when the device undergoes a strain, an electric field will be induced, allowing the device to function as a sensor, or when properly controlled, an energy harvester. This use of dielectric elastomers for harvesting energy been coming to the forefront in recent years [10] [11] . Over the past 4 years, the use of DE materials for energy harvesting has been expanding to encompass a wide range of applications. To date, investigations into DE energy harvesting include environmental energy harvesting from sources such as ocean waves, water currents [12] and wind [13] , as well as human motion including heal strikes [14] , and knee bending [11, 15] . The focus of this study is the use of this highly elastic, compliant dielectric elastomer generator as a comfortable, metabolically efficient, means to harvest energy from human walking.
MODELING
The electromechanical behavior of a DE generator must be modeled based on the coupled mechanical and electrical response of the device to a given external force and electric field loading. A DEG exposed to uniaxial tension can be considered as a hyper elastic material undergoing stress in two axes, as seen in Figure 1 , where σ 1 represents the tension created by an external force in the x 1 direction, and σ M represents the Maxwell stress induced by an electric field in the x 3 direction.
Figure 1: Uniaxial DEG orientation

Mechanical System
Based on the nature of dielectric elastomers, an incompressible, isotropic and homogeneous hyperelastic model is used. The stress formula can be written as:
where i λ are the stretch ratios, which are related to the material dimensions by: The hydrostatic pressure is p and W is the strain energy density function which describes the relationship between the strain energy density of a material and its deformation gradient. Careful selection of W is necessary for development of an accurate stress model for the material. Many different models have been developed, with a concise review of these models provided by Martins [16] .
The Mooney-Rivlin model, a classic hyperelastic model which provides a close correlation for many of the materials which are currently used in DE generators [11, [17] [18] , has the following strain energy density function:
where 1 I and 2 I are the first and second invariants of the Finger Tensor, which for the configuration show above, are defined as: 2  2  2 2  1  1  3  2  1 3  2  2  2  3  1  3   1  1  1  ,  I I λ λ λ λ λ λ λ
The Neo-Hookean model, a truncated version of this model utilizing only the first invariant, can also be used in materials when small strains are expected [16, [19] [20] [21] :
here C is related to the material shear modulus [21] : 1 2 G C = .
Hydrostatic pressure
For a DE generator in uniaxial tension which is unconstrained in the 2 direction, the hydrostatic pressure is found by considering the stress in the 1 direction when the stress in the 2 direction is set equal to zero. For the Neo Hookean model this results in:
Which is then returned to the first equation in order to provide a complete formulation for the stresses in the 1 and 3 directions:
Electrical System
By placing compliant electrodes on either side of a dielectric elastomer film (the dark area in Figure 1 ), a variable capacitor which changes as the material stretches and relaxes is developed based on the following relationship:
where ε is the permittivity of the dielectric, A is the surface area of the electrodes, and t is the thickness between electrodes. Energy harvesting using a DE device utilizes the Maxwell stresses produced across electrodes to generate electricity. This can be accomplished using either a constant electric field, a constant voltage, a constant current or a combination of the three. To simplify the discussion, throughout this document, the constant current method will be used.
Figure 2: DE energy harvesting cycle
The cycle begins with the DE device is prestretched to an initial configuration (a). When the mechanical stretch is applied (b), the capacitance increases based of eq. (7) . At this point (c), a charge, Q CE = , is placed on the electrodes of the device by a given electric field, E. The induced Maxwell stress due to this charge is:
where, v c , is the voltage applied across the DE film at maximum stretch:
The stress as a function of stretch ratio can be seen in Figure 3 . Because the charge is held constant while the material is relaxed to its original shape (c→d), the electric field will increase as a result of the change in geometry. In addition to this increase in electric field, the Maxwell stresses generated between the electrodes will also increase based on the decrease in the surface area of the electrodes. At this point (d), the capacitor is discharged, allowing the excess charge to flow into an external storage device such as a battery or capacitor. As the material is discharged, the Maxwell stress decreases along the equilibrium curve of the material, as seen in Figure 3 , causing further increase in the thickness of the material, and subsequent reduction in the capacitance until the material returns to its original equilibrium state. 
Coupled ElectroMechanical System
The coupled electromechanical system can be modeled based on a force balance within the dielectric elastomer. In the uniaxial tension application, the external stresses on the material ( Figure 1 ) include the external tension, σ 1 in the 1 direction and the Maxwell stress due to the electric field, σ M acting in the 3 direction. Correspondingly, the stress in the 2 direction is considered zero.
The force balance written in terms of λ 1 and λ 3 for a uniaxially loaded DE undergoing constant current energy harvesting is defined by:
Utilizing eq. (6) and (8) 
HARVESTED ENERGY CALCULATIONS
The amount of energy harvested using a DEG depends on many different things, including the material properties of both the elastomer and the electrodes, the electrical circuit configuration, and electrical and mechanical losses.
A description will be provided of the maximum energy harvesting capability for the constant charge configuration, followed by a description of factors limiting the actual output.
The electrical potential energy stored in a parallel plate capacitor is:
An intuitive understanding of the effects of different parameters can be developed based on the derivative of this term:
The first term describes the change in electrical energy due to a change in the charge across the dielectric, demonstrating that increased energy is required to place more like charges on the electrodes. The second term demonstrates the direct relationship between the thickness of the dielectric material and the energy stored, ie, as the thickness increases, more energy is required to separate the unlike charges. The negative sign in the third term shows that the electrical energy will decrease with an increase in surface area, for a specific charge, increasing the surface area allows the similar charges to be further away from each other, requiring less energy.
For the constant charge harvesting cycle, taking into account the incompressibility of the elastomer (ie, hA=1 and Adh+hdA=0), the change in thickness can be written in terms of the change in area:
, which allows the change in the electrical energy to be rewritten as:
Because the charge is kept constant, the change in electrical potential energy is dues solely to the mechanical change in the geometry of the device. This demonstrates the principle of DE energy harvesting which was described earlier. The energy required to charge the device decreases at b due to the stretching of the device (ie the addition of mechanical energy). During relaxation the charge is kept constant, and the mechanical energy which was stored in the device as a result of the stretch is converted into electrical energy as the like charges are forced closer together during the relaxation (c -> d), via the Maxwell effect.
The maximum amount of energy harvested can be calculated by observing the increase in the electric potential energy of the capacitor as the material relaxes from point c to
The relationship between U c and U d can be found by integrating both sides of the equation above
resulting in:
As described in the electrical modeling section, the electric field will be at its maximum after relaxation (d), therefore, the energy at this point can also be described as:
where ∀ is the volume of the elastomer. This results in the following relationship for the theoretical maximum energy harvested:
The limiting factors which affect the amount of energy which can be harvested include the maximum strain that the elastomer can experience before rupture, the dielectric breakdown electric field strength (EB), and electromechanical instability (EMI),or pull in instability. The Figure 4 shows the operational range of a DE generator based on each of these failure modes. In order to operate properly, the motion of the device must remain with these limits, reducing the maximum possible energy harvesting. In addition to the failure modes described, the maximum energy harvested is also reduced by losses in the system. Becasuse a hyperelastic model was used to model the mechancal behavior of the system, no damping losses were included in the model. In addition to this, the electrical circuit will contain parasidic losses which must also be accounted for.
DAMPING DUE TO HARVESTING
The damping associated with DE energy harvesting will be quantified through the definition of a damping coefficient, c. This derivation begins with the amount of energy dissipated through conventional damping of an oscillating system in terms of c where the velocity is written in terms of stretch ratios( 1 10 1
Equating the damping energy with the harvested energy from eq. results in: 
Which provides the relationship for the damping ratio due to DEG energy harvesting:
The damping induced by DEG energy harvesting depends on the material properties, as well as operating conditions such as the max electric field, the rate of change of the stretch and the ratio of maximum to minimum area of the device.
APPLICATION TO HUMAN WALKING
Walking requires a complex combination of bones, muscle and tendons working in coordination with the central nervous system to generate upright bipedal motion. Unlike the walking gate of other bipeds, the human stride occurs with relatively straight legs, causing the center of gravity (CG) to move up and down, constantly converting kinetic and potential energy as the CG pivots about the planted foot [22] .
Unlike standing, where the goal is to provide stability by maintaining the center of gravity above the support base, walking requires the deliberate movement of the CG beyond the planted foot, causing the CG to accelerate as it "falls" forward. As a result of this motion, 80% of the human walking gate is performed with only one foot planted [23] . During this time, the non planted leg is being lifted off the ground (push-off), rotated forward and then placed down in front of the CG to "catch" the upper body and move it forward over the planted foot. This type of motion involves careful coordination of the leg's position and velocity using the muscle groups around the hip, knee and ankle joints. In order to create the desired trajectory, both acceleration and deceleration of the leg are required at different points in the stride. This is demonstrated in Figure 5 by observing how the velocities change direction several times throughout each stride.
Figure 5: Characteristic joint motions [24]
This deceleration requires the muscles at the different joints to perform "negative work," which simply means that rather than inputting kinetic energy into the system, the muscles are working to remove kinetic energy from the system. Although this negative work is similar to passive damping in that it dissipates energy primarily to heat, it differs in that while passive dampers do not require additional energy to function, the negative work done by muscles requires a metabolic expenditure similar to that of positive work [25] . If a device which converts unwanted mechanical energy into electrical energy were worn, a portion of the negative work which is normally completed by the leg muscles could performed by this device through the storage of the electrical energy in a battery or capacitor.
This concept is the principle behind mutualistic energy harvesting, a term coined by Li, et al. [26] who use the regenerative breaking on a hybrid electric vehicle to describe this concept . During regenerative breaking, mechanical energy which is normally lost to heat through friction is converted into electrical energy and stored for later use. Just as regenerative breaking does not harvest energy during acceleration or cruising as that would increase the combustion energy required, so too, mutualistic energy harvesting does not attempt to harvest energy when the muscles are performing positive work.
Observation of the power output at each joint demonstrates that both positive and negative work are being performed by the muscles during each stride, however, the amount of negative work done as a percentage of the total work performed by each joint is not the same. When the measured work done the knee is considered, the negative work consists of over 90% of the total work done, whereas, with the ankle and hip, it is much lower (28% for the hip and 19% for the ankle) [24] . The muscles at the knee expend a majority of their effort removing energy which was introduced into the system by the muscle groups near the hip and ankle joints.
It is the aim of mutualistic energy harvesting to convert and store only the mechanical energy which is normally dissipated by the muscles when the leg is slowing down. Therefore, the knee joint is selected as the appropriate joint to perform energy harvesting. By doing so, it is possible to generate electricity without increasing the metabolic energy requirement to the wearer.
The focus of this research is to develop a low-cost, lightweight and integrated approach to simultaneously perform both active damping control and energy harvesting. Once developed, this device will be applied toward human locomotion to provide controlled damping during stages of the stride when natural muscles ordinarily provide damping. The long term goal of this research is to develop a device which can be used in rehabilitation for patients with muscular dysfunction or transfemoral prosthesis.
DIELECTRIC ELASTOMER EXPERIMENTAL SETUP
Initial energy harvesting experiments have been conducted using several elastomer materials. Experiments using the commercially available acrylic film VHB 4910 by 3M are described in greatest detail.
The tests setup consists of a DE generator comprised of a 40 mil (1.016mm) thick sheet of VHB4901 with carbon grease electrodes on each side which are approximately 10 mm x 6 mm in dimension, resulting in an electrode surface area, A=6e -4 m 2 . The capacitance of the unstretched generator is C 0 =0.25 nF. The device is stretched using a linear motor. A prestretch of 1 inch results in an initial capacitance, C a =0.30 nF.
A high voltage circuit is used with two computer controlled switches as shown in Figure 6 to coordinate the charging and discharging of the DEG. Voltage measurements are taken across the load resistor using a LabVIEW driven data acquisition board.
Figure 6: Energy harvesting circuit schematic
As the DEG capacitor is stretched to its maxium length (and coresponding maximum capacitance) using the linear motor, switch 1 momentarily opens, charging the capacitor (Figure 2.c) . When the device is relaxed to its prestreched state (which corresponds to the minimum capcitance), the second switch is opened to discharge the DE capacitor (Figure 2.d) .
Tests were run for a stretch of 1, 1.5, 2, and 3 inches, which corresponded to an incease in capacitance of 0.035, 0.065,0.1,0.16 nF respectivly. Trials of 5 cycles were run for each stretch ratio, and discharge curves for each cycle can be seen in Figure 7 , which shows the voltage across the load resistor as the DEG capacitor discharges over 0.2 seconds. The energy harvested was calculated by first finding the baseline energy released from the devices when no stretching occurred, and subtracting this from the total energy dissapated during each discharge. These results were averaged for each cycle and a comparison for the different strains can be found in Figure 8a . Investigations were also performed into the effect of the the bias voltage used during the energy harvesting cycle. Figure  8b shows the comparison of energy harvested using a bias voltage of 427, 514 and 600V.
As can be seen from these initial results, the energy harvested by these protype devices are not very large, however, increasing the bias voltage as well as the use of multi layer devices and the development of compliant electrodes using highly conductive materials such as graphene should greatly increase the efficiency of the device.
PRELIMINARY KNEE JOINT INVESTIGATIONS
In addition to the acrylic DEG investigations, a larger silicone DEG was developed to perform preliminary studies into the application of DE generators for mutualistic harvesting of walking energy. A knee joint tests stand was developed using a functional, anatomically accurate model of the knee.
The knee joint DE generator was developed using a three part silicon, TC-5005 from BJB Enterprises, comprised of an organopolysiloxane mixture with a polydimethyl siloxane relaxer. Similar in form to the acrylic DEG, it is comprised of a single dielectric layer with carbon grease compliant electrodes on either side with an inactive silicon layer on the outside. The device is wrapped around the knee joint, and undergoes strain across the front of the knee joint when the knee is bent. The same electric circuit was used to test the knee joint, however the knee joint was manually bent to the desired angle to simulate the bending which a knee undergoes during either walking or climbing. Figure 9 shows the discharge curves for the knee joint DEG capacitor bending 30° and 60° (four trials for each angle). Comparison of this discharge curve with the acrylic material shows that the overall response including the baseline is lower, however the discharge time is also greater. The energy harvested from the knee joint can be seen on Figure 8 in comparison with the acrylic DEG. Once again, improvement in the DEG design as well as additional layers have the potential to greatly improve the energy harvesting potential of this device.
CONCLUSION
The strategic conversion and storage of negative mechanical kinetic energy during the walking stride is investigated as a potentially significant source of low power energy generation.
Dielectric elastomer generators hold significant promise as wearable energy harvesting devices which, when properly controlled, offer the wearer a comfortable, unobtrusive low power energy source with little or no increased fatigue. An experimental setup was developed using both acrylic and silicon film dielectric elastomer generators. Tests were run using the acrylic DEG under controlled strain conditions, which resulted in repeatable, low level energy conversion from mechanical to electrical energy. Secondary tests were run using the silicon DEG using a knee joint tests stand to demonstrate the possibility of harvesting energy from the rotation of the knee using this device. All of the tests performed demonstrated low level energy harvesting (in the 10-50 µJ range), and verify that low level energy harvesting is possible using DE technology.
Further research must include the development of more electrically efficient, multi-layer devices which are able to harness more energy for the same strain, as well as a better means to induce beneficial damping which will reduce the muscular fatigue of the wearer while energy generation is performed.
